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Abstract
Quality assurance of groundwater before drinking water supply is a major concern in South and South East Asia due to 
widespread presence of inorganic contaminants and their health implications. To investigate the groundwater quality and 
associated health risk, 65 groundwater samples were collected and analyzed for major ions along with Fe, As, and Mn. With 
72.3% of the samples, Ca-HCO3 is found as the major water type followed by Na-HCO3 and Mg-HCO3 water type. Silicate 
weathering, ion exchange, and dissolution and precipitation of aquifer minerals are found as the dominant factors responsible 
for groundwater quality. Of the samples, 88% and 65% are oversaturated with calcite and dolomite, respectively; however, 
all samples are under-saturated with respect to anhydrite, gypsum, halite, and fluorite minerals. Exceeding concentrations of 
 F−, Fe, and Mn above WHO guidelines in 15.4%, 52.3%, and 24.6% samples, respectively, pose a significant public health 
concern. High  F− is found along older alluvium with Na-HCO3 water type and low  Ca2+ suggests dissolution of fluorite 
contributing  F− ions in groundwater.  F− is found as the major contribution on health indices (HI) followed by As > Mn > Fe. 
High HI > 1 that is found in 26.15% and 50.76% samples for adults and children indicates significant potential health risk. 
Higher HI value for children suggests higher health risk due to relatively lesser body weight. Proper management and quality 
assurance of groundwater is needed before its use.
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Introduction

Groundwater is one of the most reliable sources of drink-
ing and domestic water supply on earth. Millions of wells 
have been installed across the globe to fulfill the increasing 
demand of freshwater, as groundwater is considered safe, in 
term of microbial contamination. In recent past, the rapid 

demographic growth along with the widespread occurrence 
of inorganic contaminants has raised a concern over public 
health especially in South and South East Asia, as the shal-
low aquifers in this region are widely contaminated with ele-
vated concentration of inorganic contaminants, i.e., arsenic 
(As), fluoride  (F−), nitrate  (NO3

−), and other heavy metals 
and metalloids (Smedley and Kinniburgh 2002; Lafthouhi 
et al. 2003; Li et al. 2015; Zhang et al. 2018; Podgorski 
et al. 2018; van Geen et al. 2019; Kumar et al. 2020). These 
contaminants have both acute and toxic health implications; 
however, their effects largely depend on the exposure dose, 
frequency, and the nourishment of the exposed population 
(Singh et al. 2017; Kumar and Singh 2020; Singh et al., 
2021). For instance, elevated As above WHO guideline 
(> 10 µg/L) may cause skin pigmentation; however, the 
long-term exposure may cause cardiovascular disease, can-
cers of lungs, skin, liver, and bladder (Rahman et al. 2009; 
Parvez et al. 2011; Zhang et al. 2019). It may also reduce 
intellectual and motor function in children and cause infant 
mortality (Wasserman et al. 2004). Elevated levels of  NO3 
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(> 45 mg/L) in drinking water can cause methemoglobine-
mia, gastric cancer, goiter, birth malformations, hyperten-
sion, and low blood pressure (Crandall et al. 2013; Drozd 
et al. 2016). However, up to a certain level  F− is essential 
for humans and its deficiency may cause dental caries and 
osteoporosis but, chronic excess intake of  F−, above the 
WHO guideline of 1.5 mg/L, can cause dental and skeletal 
fluorosis (Edmunds and Smedley 2013; Zhang et al. 2017; 
Yadav et al. 2019; Pant et al., 2021). Similarly, a certain con-
centration of trace elements, i.e., Fe, Mn, and other heavy 
metals, is essential for growth and development of human 
life; however, their elevated concentration above the permis-
sible limits may have severe health implications (Pietrangelo 
2010; Fleming and Ponka 2012; Rahman et al. 2017).

Both natural processes and anthropogenic activities may 
be responsible for groundwater contamination. In natural 
condition, the quality of groundwater is mostly influenced 
by the aquifer minerals. When groundwater flows, geochemi-
cal processes such as weathering, dissolution, precipitation, 
ion exchange, or oxidation–reduction significantly control 
the interaction between groundwater and aquifer minerals 
(Belkhiri et al. 2010; Xiao et al. 2015). Apart from these 
geochemical process, other factors such as residence time, 
climatic condition, soil characteristics, flow path, topog-
raphy, chemistry of recharge zone, regional geology, and 
intermixing of water also play vital role in determining the 
ionic species in groundwater (L-Ruiz et al. 2015; Singh et al. 
2017; Su et al. 2019). In addition, anthropogenic activities 
such as leaching of fertilizers, sewages, industrial discharge, 
and overexploitation of groundwater may also alter its qual-
ity (Ayoob and Gupta 2006; Li et al. 2015; Lapworth et al. 
2017).

Chemical evolution of groundwater and its suitability for 
drinking and domestic use has been widely assessed across 
the globe. Chemometric analysis, ionic ratio, conventional 
plots, and graphical methods (Yidana and Yidana 2010; 
Singh et al. 2017; Kumar et al. 2020), stable isotopes (Bar-
bieri et al. 2005; He et al. 2013; Su et al. 2019), mineral 
phase equilibrium, structural equation modeling, and hydro-
geochemical modeling (Belkhiri and Narany 2015; Liu et al. 
2017; El-Alfy et al. 2017) are extensively used to under-
stand the evolution of ionic species in groundwater. How-
ever, in recent years an index approach is extensively used to 
assess the risk of exposed population through contaminated 
groundwater. Depending on the exposure pathways, both 
ingestion and dermal health risk has been assessed using by 
calculating chronic daily intake (CDI), hazardous quotient 
(HQ), and hazardous index (HI) with reference to the US 
EPA standards (Avigliano and Schenone 2015; Saini et al. 
2016; Magesh et al. 2018; Adimalla 2019; Kumar and Singh 
2020). The outcomes from these studies have been often 
integrated with Geographical Information System (GIS) 
for proper representation of water quality and health risk to 

provide management strategies and reduce exposure through 
contaminated drinking water.

The study area is the part of middle Gangetic floodplain 
under the Sone subbasin, where groundwater from shal-
low aquifers is extensively used for drinking and domes-
tic purpose. Quality of groundwater is a major concern in 
this region as high concentrations of As, Fe, F,  NO3, and 
other heavy metals are reported exceeding the WHO guide-
lines (CGWB 2013; Donselaar et al. 2017; Maurya et al. 
2020; Bhatt et al. 2021). With above background, this study 
is been designed to explore the hydro-geochemical evolu-
tion of groundwater quality in middle Gangetic floodplain 
using conventional graphical plots, ionic ratio, and mineral 
phases. This study also evaluates the spatial distribution of 
major contaminants and public health risk concern. Further, 
an index approach is used to assess the health risk on two 
different age groups of population residing into the study 
region and the spatial distribution is represented as map. 
The outcomes of this study may help in prioritizing contami-
nated areas to adopt proper mitigation strategies to reduce 
exposure.

Material and methods

Study area

This study is conducted in a part of central Bihar floodplain 
which is situated at the south of the river Ganga and comes 
under the Sone-Punpun subbasin (Fig. 1). On administra-
tive division the study region is under Arwal and Jehanabad 
district of Bihar where river Sone acts as a western boundary 
and separates it from Bhojpur district where As in ground-
water above the WHO guidelines is a major public health 
concern (Saha et al. 2010; Donselar et al. 2016). Apart from 
these two perennial streams, i.e., Sone and Punpun, small 
seasonal channels such as Dardha, Phalgu, Jamuna, and 
Morhar also pass through the study area; however, most of 
the time these are dry except rainy season (Fig. 1b).

These rivers flow through South to North along the slope 
and further meet the main stream of river Ganga. Broadly, 
the climate of the study region can be classified into Sum-
mer, Winter, and Monsoon seasons. It experiences extreme 
climatic condition as in winters temperature drops to 3–4 °C; 
however, in summers it reaches up to 45 °C. The average 
rainfall is 1052 mm out of which more than 60% of the rain-
fall occurs in monsoon, i.e., July to August months. The 
study area is a part of fertile alluvial floodplain and it is 
under extensive agriculture. Soil has dominant percentage 
of loam with small proportion of clay and sand; however, 
high concentration of nutrients such as calcium and nitrogen 
makes it suitable for agriculture.
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Geology and hydrogeology

Geologically the study area is underlined by the vast tract 
of Indo-Gangetic Quaternary alluvium, deposited by the 
river Ganga and its tributaries (Bhatt et al., 2021). Further 
this quaternary sequence is subdivided into newer alluvium, 
i.e., Holocene age, and older alluvium, i.e., Pleistocene age 
(Acharya 2005; Sahu et al. 2010). The older Holocene sedi-
ment is mostly found along the eastern region of the study 
area; however, the central and western part has dominance 
of Pleistocene deposits (Fig. 1b). The Holocene alluvium 
are argillaceous sediments with high organic matter and it 
is mostly found in entrenched channels and active flood-
plain while the Pleistocene sediment are reorganized by the 
yellow–brown color sediments with profuse calcareous and 
ferruginous concretions (Ganguli and Singh 2016). Apart 
from the floodplain there are few inselbergs located at the 
south-eastern region; Barabar hills is the most prominent 
one with 312-m height from mean sea level (CGWB 2013). 
The alluvial aquifers are composed of quaternary age sedi-
ment and it is composed of mainly of gravel, sand, and clay. 
Gravel and coarse-medium sand are the major ground water 
repository.

Alluvial formation is dominant in the study area; how-
ever, in some patches clay is prominently observed (CGWB 
2013). The result of exploratory drilling up to the 135-m 
depth conducted by CGWB suggests alteration of clay, sand, 
sandy clay, and silt while the variation in the basement depth 
is reported from 120 to 150 m below the land surface (Gan-
guli and Singh 2016; CGWB 2013). The discharge from the 
aquifers is very good and it is reported as 20  m3/h in shallow 
aquifers and 50  m3/h in deep aquifers. However, a significant 
variation, i.e., 2–5 m in the groundwater table, is observed as 
during the pre-monsoon the water is found at 5–10-m depth 
but during the post monsoon it is available at 2–5-m depth. 
Groundwater is extensively used for irrigation; however, it 
has not affected the development of groundwater aquifers as 
a positive development of groundwater resources has been 
reported and any long-term decline in groundwater table is 
not observed (CGWB 2013).

Collection of groundwater samples and field 
analysis

A set of 65 groundwater samples were collected from 15 
to 18 March 2019 (Fig. 1a). To eliminate the impacts of 

Fig. 1  a Study area map with sampling location. b Geology, river, and waterline of the study area
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iron cast pipes on collected well water samples, wells were 
purged for 5–6 min before the collection of samples. Physi-
cal water quality parameters such as pH and electrical con-
ductivity (EC) were tested onsite using pH tester HANNA 
(HI98107P) and DiST waterproof EC tester HANNA 
(HI98303) probe. The pH probes were calibrated every day 
before use with standard solution of 4.0, 7.0, and 10.0 for 
pH; however, the EC probe was calibrated with 84 µS/cm, 
1413 µS/cm, and 12.8 mS/cm solutions. No any systematic 
or temporal drift was observed in the reading; hence, the 
probe was not corrected. In addition, the information about 
the depth of the wells, age, and person depending on the 
well water for daily need was gathered from the well owner.

Two different sets of samples were collected in prewashed 
and dried high-density polyethylene (HDPE) bottles each 
for cations and anions. One set of sample was acidified with 
analytical grade 6 N  HNO3 (Ultrapure Merck) and it was 
used for cation analysis in lab; however, the other set was 
not acidified and it was used for anion analysis. To avoid any 
headspace all the samples were filled up to top, and to avoid 
direct sunlight, it was kept in the ice box. After collection 
samples were brought to the laboratory and preserved in the 
laboratory freeze. The samples were analyzed within 10 days 
of sampling.

Lab analysis of groundwater

The pre-acidified groundwater samples were tested with 
inductively coupled plasma, optical Emission Spectros-
copy, Agilent (OES 700 series) to detect the cations 
including  Na+,  Ca2+,  Mg2+,  K+, As, Fe, and Mn concen-
tration in groundwater. The reproducibility of the analysis 
was in order of 5% for all the cations. However, un-acidi-
fied set of sample was used to determine the concentration 
of anions. The bicarbonate  (HCO3

−) and chloride  (Cl−) 
concentration was analyzed using the standard titrimetric 
method as prescribed in American Public Health Asso-
ciation (APHA 2008); however, the other anions were 
analyzed on UV–Visible Spectrophotometer (Labman) 
followed by the prescribed method in APHA 2008. The 
concentration of  NO3

− was measured using the Screen-
ing Method within 3 days of the collection of samples. 
The sample was treated with 1 N HCl which prevents 
interference from hydroxide/carbonates. To get the cor-
rect  NO3

− reading the absorbance was recorded at 220 nm 
along with 275 nm as organic matters also interfere the 
220-nm absorbance along with the  NO3

− (APHA 2008). 
Fifty-milliliter aliquot has been mixed with 1 mL of 1 N 
HCl and diluted to prepare 0, 1, 1.75, and 3.5 mg/L of 
intermediate nitrate concentration (APHA 2008). The 
 SO4

2− concentration was analyzed using the turbidimet-
ric method and the absorbance was recorded at 420-nm 
wavelength using spectrophotometer (APHA 2008). The 

concentration of F in groundwater samples was determined 
using the SPADNS methods as prescribed in APHA 2008. 
 F− in sample reacts with the dye within 1 min and the 
discoloration of a red zirconium dye solution containing 
sodium 2-(p-sulfophenylazo)-1,8-dihydroxynaphthalene-
3,6-disulfonate (SPADNS) takes place. The absorbance 
was recorded at 570-nm wavelength (APHA 2008). As 
the amount of  F− in the solution increases the color of 
the solution became progressively lighter. For quality 
assurance all the chemical used during the analysis was 
of Merck.

The normalized charged balance index (NCBI) of the 
groundwater samples was calculated using the following 
equation:

where  Tz− is the total sum of anions (in epm) and  Tz+ is the 
total sum of cations (in epm).

Geochemical modeling

Geochemical modeling of groundwater quality parameters 
is a mass balance approach which describes the variation in 
chemical composition of groundwater due to dissolution/
precipitation of minerals or gases along the flow path. The 
fate of minerals, i.e., either dissolution or precipitation, can 
be inferred using the saturation index (SI) as it evaluates the 
degree of equilibrium between water and respective miner-
als. Geochemical models work on certain assumption, i.e., 
(1) the flow path of the groundwater samples is same, (2) 
there is no major role of dispersion and dispersion is not 
much significant on hydro-geochemistry, (3) aquifer is in 
chemical steady state, and (4) the considered mineral phases 
are present in the study area (Zhu and Anderson 2002). As 
the study area is the part of alluvial floodplain of river and 
there is no evidence of alteration in flow path, we assume 
that all these assumption are filled in this region.

Geochemical modeling was performed using Aquachem 
4.0 database and SI along with dominant water types were 
calculated. The formula used for SI calculation is as below:

where IAP is the ionic activity product and  Ktsp(T) represents 
the equilibrium solubility product of an individual mineral.

Further the values of SI are used to infer the major 
hydro-chemical processes governing the groundwater 
composition. The negative values of SI suggest under-sat-
uration and the positive value suggests oversaturation of 
groundwater with respective minerals (Singh et al. 2017).

(1)NCBI =
(

∑

Tz− −
∑

Tz+
)

∕
(

∑

Tz− −
∑

Tz+
)

(2)SI = Log
IAP

Ksp(T)
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Geo‑statistical tools

The spatial location of wells were recorded with Global 
Positioning System (GPS) during the collection of ground-
water samples, and it was used to generate the spatial inter-
polation map using inverse distance weighted (IDW) tech-
nique. IDW is extensively used to generate surface maps in 
groundwater studies as it relies on the local factors which 
have substantial influence (Singh et al., 2017; Kumar and 
Singh 2020; Mallick et al., 2021). As the local influence 
decreases with distance, it calculates moving average of the 
variable (Singh et al. 2017; Kumar and Singh 2020). The 
spatial analyst module of ArcGIS 10.3.1 is used to gener-
ate the interpolation map using IDW techniques for each of 
the groundwater quality parameters. However the geological 
map of the study area was procured from Geological Survey 
of India (GSI) and digitized using ArcGIS.

Risk assessment

Potential health risk of the exposed population was calcu-
lated using the model proposed by US Environment Pro-
tection Agency which is based on the daily intake and the 
standard threshold (USEPA 1989). This mathematical model 
is extensively used globally as it is considered most expedi-
ent and accurate technique to calculate the probability of 
health risk due to contaminated groundwater (Peluso et al. 
2013; Magesh et al. 2018; Adimalla 2019; Rao et al. 2019; 
Kumar and Singh 2020; Maurya et al. 2020). The value 
of  F−, Mn, Fe, and As was considered to assess the health 
risk in residing population. The health risk indices assess 
the exposure through ingestion and dermal pathway; how-
ever, the dermal exposure is not much significant. Exposure 
through ingestion for two age groups, i.e., children (6 years) 
and adults (70 years), was estimated using Eqs. (3) and (4).

where CDI is the chronic daily intake, EC is the elemental 
concentration (mg/L), IngR is the ingestion rate (L/day), EF 
is the exposure frequency (days/year), ED is the exposure 

(3)CDI =
EC × IngR × EF × ED

AT × BW

duration (year), AT = average time (ED × 365), and BW is 
the body weight (kg).

In Eq. (4), HQ is the hazardous quotient which is calcu-
lated using CDI and reference dose (RfD). The RfD values 
used for  F−, Mn, Fe, and As are 0.06, 0.02, 0.3, and 0.0003, 
mg/kg/day, respectively, taken from ICMR 2009 and USEPA 
2010. However, it has extensively used to study health haz-
ards through contaminated groundwater (Magesh et al. 2018; 
Adimalla 2019; Rao et al. 2019; Maurya et al. 2020; Kumar 
et al. 2020). The cumulative health risk due to these con-
taminants on both age groups in the study area was calcu-
lated using Eq. (5).

where i is the HQ of each contaminant considered in this 
study.

As per the USEPA recommendation, the values > 1 were 
considered as not suitable due to their non-carcinogenic 
health risk. The details of the data, variables used, and the 
conversion factors are provided in Table 1.

Results and discussion

Hydrochemistry

Based on the pH values groundwater of the study area is 
found alkaline as the pH varies from 6.86 to 8.29 with 
an average of 7.6. All the samples have pH > 7 except 1, 
suggesting dominance of alkaline condition. When rain 
water passes through soil during the process of ground-
water development, its interaction with soil imparts alka-
linity into groundwater (Subramanian and Saxena 1983). 
The concentration of EC ranges from 198 to 2370 µS/cm 
with the average of 809.8 µS/cm (Supplementary Table 1). 
High EC in groundwater suggests high ionic strength of 
groundwater which may be imparted due to variation in 
soil types and agriculture activities in study region (Kumar 
et al., 2015). According to Davis and Dewiest classification, 

(4)HQ =
CDI

RfD

(5)HI =
∑

HQi,

Table 1  Details of conversion 
factors and data sources

Parameters for oral ingestion Unit Values for adults Values for kids Reference

1 Element concentration (EC) mg/L Observed values Observed values From this study
2 Ingestion rate (IR) L/day 2.5 0.78 US EPA (2014)
3 Exposure frequency (EF) days/year 365 365 US EPA (1989)
4 Exposure duration (ED) Year 70 6 US EPA (2002)
5 Body weight (BW) kg 70 15 ICMR (2009)
6 Average time (AT) (ED × 365) days 25,550 2190 US EPA (1989)

Page 5 of 14    405Arab J Geosci (2022) 15: 405



1 3

approximately 17% of the collected samples belongs to fresh 
water type, 77% under marginal water type, and rest 6%, 
i.e., 4 out of 65 samples, falls under the brackish water type 
(Davis and Dewiest 1967). High EC might also be attributed 
due to mineralization of soil and it indicates increase in ionic 
activities of groundwater (Singh et al. 2014).

Based on the average concentration cations are found 
as  Ca2+  >  Na+  >  Mg2+  >  K+.  Ca2+ is found as the most 
dominant cation as it ranges from 20 to 160 mg/L with an 
average of 74.4 mg/L followed by  Na+ which varies from 
14 to 250 mg/L with an average of 60.5 mg/L. The con-
centration of cations in groundwater is mostly governed 
by the natural processes including weathering of minerals, 
exchange of ions, and the precipitation and dissolution of 
ions (Kumar and Singh 2020). As the study area is under 
extensive agriculture and the alluvial soil in this region has 
high organic matter, root respiration/oxidation of organic 
matter might also contribute  Ca2+ in groundwater (Diwa-
kar et al., 2015).  Mg2+ concentration in groundwater varies 
from 4.8 to 102.1 mg/L and the value of  K+ varies from 1 
to 65 mg/L; however, the average concentrations of  Mg2+ 
and  K+ ions in groundwater are found as 28 mg/L and 
11.3 mg/L, respectively. Weathering of silicate minerals is 
considered as the major contributor of  Mg2+ ions; however, 
the  K+ in groundwater might be attributed due to weather-
ing of minerals or leaching of agricultural runoff. The wide 
variation in groundwater quality parameters indicates that 
the water quality in the study area is not homogenous; it 
indicates that the groundwater quality in the study area is 
not only influenced by the natural activities but also signifi-
cantly affected by change in land use land cover and other 
anthropogenic activities.

Based on the average values,  HCO3
− is found as the most 

dominant anion followed by  Cl−,  SO4
2−, and  NO3

−. The 
 HCO3

− concentration varies from 80 to 584 mg/L with an 
average of 284.6 mg/L. In natural condition weathering of 
silicate/carbonate minerals is the major source of  HCO3

− in 
groundwater. Study area is the alluvial floodplain with high 
organic matter and extensive agriculture degradation of 
organic matter and root respiration are also considered as 
the major contributor of  HCO3

− in groundwater (Singh 
et al. 2017). High concentration of cations, i.e.,  Ca2+,  Na+, 
and  HCO3

−, determines the hardness of groundwater. The 
concentration of  Cl− ions ranges from 3.8 to 289.3 mg/L 
with an average of 55.5 mg/L. In absence of any major geo-
genic source of  Cl−, sewage effluents coming from the vil-
lages might attribute  Cl− in groundwater. Concentration of 
 SO4

2− and  NO3
− ions ranges from 1.65 to 394 mg/L and 0.07 

to 18.7 mg/L with an average of 27.9 mg/L and 3.7 mg/L, 
respectively. Leaching of the sewage, municipal waste, sep-
tic tank, and other anthropogenic activities including agri-
culture excessive use of fertilizers can contribute  SO4

2− and 
 NO3

− in groundwater (Elisante and Muzuka 2015; Singh 

et al. 2018). The spatial variability of major ions in the study 
area is represented in Fig. 2a, which indicates that the high 
concentrations of  SO4

2−,  HCO3
−,  Ca2+, and  Na+ are found in 

the central part of the study area, which is mostly covered by 
the newer alluvial sediments deposited by the rivers.

Distribution of major contaminants

High concentration of  F− in groundwater is found as a public 
health concentration along with Fe and Mn. The  F− con-
centration ranges from BDL to 2.1 mg/L with an average of 
0.8 mg/L. Of the collected groundwater, 15.4% has  F− above 
the WHO guideline of 1.5 mg/L. Groundwater samples 
along with the older alluvium have elevated  F− as 7 out of 
10 high F samples are from older alluvium (Fig. 2b). Despite 
being very close to the high As region, the concentration of 
As was found within the WHO guidelines and it varies from 
BDL to 9.0 µg/L. High As in groundwater is reported from 
the other bank of river Sone from Bhojpur district in reduc-
ing environment (Saha et al. 2010; Donselar et al. 2016). The 
distribution of As is not homogenous along the river banks 
and similar contrasting behavior of As across the banks 
has been reported from the Rapti river basin (Singh et al. 
2018) and lower reaches of River Ganges (Mukherjee et al. 
2018). The concentration of Fe and Mn varies from BDL to 
4.6 mg/L with an average of 0.57 mg/L and 0.01 to 0.2 mg/L 
with the mean concentration of 0.05 mg/L, respectively. Out 
of 65 collected samples 52.3% has high Fe and 24.6% has 
high Mn above WHO guideline (Supplementary Table 1). 
Six out of 10 high  F− samples also have high Fe above WHO 
guidelines; it indicates co-existence of these contaminants 
in the study region.

Hydro‑geochemical process

The relationship between the ions present in the groundwater 
reveals the processes responsible for groundwater quality 
in the study area. The scatter plots and ionic ratio are often 
used to determine the geochemical process that develops 
the chemical signature of groundwater.  Na+ normalized plot 
between  Ca2+ and  HCO3

− indicates the influence of silicate 
or carbonate weathering along with the evaporate dissolution 
on groundwater quality (Singh et al. 2017; Kumar and Singh 
2020). The graphical plot infers that the groundwater quality 
of the study area is largely controlled by silicate weathering 
and dissolution of carbonate minerals (Fig. 3a). Similarly, 
the  Na+ normalized plot between  Ca2+ and  Mg2+ suggests 
that groundwater quality is mostly govern by the silicate 
weathering (Fig. 3b). The major source of  Ca2+ and  Mg2+ in 
groundwater is dolomite or calcite to understand the source 
of these ions Ca/Mg ratio used.

The Ca/Mg ratio below 1 indicates dissolution of dolo-
mite; however, greater values suggest calcite dissolution as 
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a major governing factor. Out of 65, 90%, i.e., 59 samples, 
that has Ca/Mg values > 1 indicates dissolution of calcite 
minerals as a major contributor of  Ca2+ in groundwater 
(Supplementary Fig. 1). As the study area is the part of 
alluvial floodplain weathering of silicate minerals and 
ion exchange are found to be responsible for high Na in 
groundwater (Bhatt et al., 2021). As  Cl− is persistent in 
groundwater hence in scatter plot between  Ca2+  +  Mg2+ 
and  Cl− is used to understand the evolution of these cati-
ons in groundwater. High concentration of  Cl− in case of 
evaporation dominance will tend to keep the points below 
the equiline; however, due to ion exchange, points will shift 
above the equiline (Singh et al. 2017). In present study 
most of the samples are found above the equiline, which 
confirms the ion exchange as major process (Fig. 3c). Apart 
from these major processes, the graphical plot between Na/

Cl and EC is used as an indicator of influence of evapora-
tion on groundwater. The value of Na/Cl will be close to 
1 in case of halite dissolution; however, the greater value, 
i.e., > 1, indicates excess of  Na+ ions contributed due to 
weathering of silicate minerals (Kumar and Singh 2020). 
Approximately, 87% of the samples, i.e., 57 out of 65, that 
has high Na/Cl values > 1 indicates dominance of silicate 
weathering (Supplementary Fig. 2). Scatter plot between 
Na + K and Cl shows that 26% samples is below equiline; 
however, remaining 76% that is above the equiline indicates 
silicate weathering as a source of cations (Fig. 3d). Inter-
estingly, high  Na+ in groundwater is observed compared 
to the  K+ although  K+ is resistant to chemical weathering; 
however, apart from ion exchange anthropogenic activities 
might also contribute high  Na+ in groundwater (Mallick 
et al. 2018).

Fig. 2  a Spatial distribution of groundwater quality parameters. b Spatial distribution of major contaminants in the study area
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Geochemical control of groundwater

Water type

The contribution of geochemical attributes on groundwater 
quality is often summarized by Piper diagram (Piper 1944). 
In this study, the piper plot suggests dominance of  HCO3

−; 
however, among cations,  Ca2+ is most dominant (Fig. 4). 
The dominance of ionic species in ground water depends on 
the aquifer minerals, residence time, and rock-water interac-
tion. The result of geochemical modeling also confirms Ca-
HCO3 as the dominant water type with 70% of the ground-
water samples; however, 23% of the samples have Na-HCO3 
water type. Out of 65 collected samples, around 3%, i.e., 2 
samples, have Mg-HCO3 water type; however, 1.5%, i.e., 1 
sample, have Mg-SO4 water type (Supplementary Table 2). 
Weathering and dissolution of silicates, calcite, and gypsum 
along with ion-exchange contribute  Mg2+,  Ca2+,  Na+, and 
 HCO3

− ions in groundwater (Singh et al. 2017). The study 
area is the active floodplain with dominance of organically 
rich sediment; the oxidation of these organic matter might 
also contribute  HCO3

− in groundwater. The dissolution of 
gases during precipitation and infiltration, particularly  CO2 
either from atmosphere or in the unsaturated zones, initiates 
weathering of aquifer minerals and resulting  HCO3

− type 

signature in water facies (Salama et al. 1999; Singh and 
Kumar 2020).

Fig. 3  a Na normalized plot between Ca and  HCO3. b Na normalized plot between Ca and Mg. c Scatter plot between Ca + Mg and Cl. d Scatter 
plot between Na + K and Cl

Fig. 4  Piper plots of the groundwater quality parameters
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Saturation indices and major ions

The saturation indices are used as an effective indicator 
to infer the fate of minerals in groundwater. The positive 
SI value indicates precipitation of the mineral; however, 
negative values suggest dissolution of minerals in ground-
water. In this study, SI of calcite  (CaCO3) and dolomite 
(CaMg(CO3)2) indicates that, respectively, 88% (57 out of 
65) and 65% (54 out of 65) samples are oversaturated with 
respect to these minerals and hence tend to precipitate. In 
contrast, the SI values of fluorite  (CaF2), anhydrite  (CaSO4), 
and gypsum  (CaSO4.2H2O) are found negative and suggest 
dissolution of these minerals in groundwater. Along with 

alkaline aquifer environment undersaturation of groundwater 
with respect to calcite also favors the dissolution of fluorite 
minerals, which results to excess of  F− in groundwater (Mra-
zovaca et al. 2013).

To understand the geochemical control, the dominant 
ionic species present as a major chemical constituent of 
the minerals are plotted against the SI values. SI of calcite 
and dolomite is found positive in most of the groundwa-
ter samples, and hence, it does not show any consistent 
relation with Ca +  HCO3 and Ca + Mg ion concentrations 
in groundwater (Fig. 5a, b). Apart from calcite and dolo-
mite gypsum can also contribute to the  Ca2+and  SO4

− ion 
concentrations in groundwater. Samples from the study 

Fig. 5  a Scatter plot between SI dolomite and Ca + Mg. b Scatter plot between SI calcite and Ca +  HCO3. c Scatter plot between SI halite and 
Na + Cl. d Scatter plot between SI gypsum and Ca +  SO4. e SI calcite vs SI fluorite. f SI fluorite vs fluoride concentration in groundwater
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area are found under saturated with gypsum, and it shows 
consistent relation with Ca +  SO4 indication dissolution 
of gypsum as major source of these ions in groundwater 
(Fig. 5d). Similarly, halite and fluorite also show posi-
tive relation with their major constituent; i.e., Na + Cl 
and  F− is indicative of dissolution of minerals as major 
contributor of these ions in study area (Fig. 5c). Over-
saturation of these minerals suggests that the groundwa-
ter has enough residence time to reach up to equilibrium. 
 F− shows positive relation with fluorite (Fig. 5e). As dis-
cussed the  F− ions that are found in dominant pH condition 
with high  HCO3 might have significant influence on the 
 F−mobilization in groundwater.

Geochemical control of high F− in groundwater

The concentration of  F− in groundwater is controlled by 
both natural and anthropogenic activities (Edmunds and 
Smedley 2013; Singh et al. 2017; Maurya et al. 2020). 
In present study, the association between groundwater 
 F− and  NO3

− is not found significant enough to infer 
anthropogenic input. In alluvial floodplain clay mineral 
plays vital role as it absorbs  F− in acidic pH (Su et al. 
2019); however, the study area has alkaline pH, with 
an average of 7.39. Alkaline condition of groundwater 
favors the dissolution of  F− along with high  HCO3

− and 
 Na+ ions (Singh et al. 2013, 2017). In alkaline condition 
substitution of  F− by  OH− acts as a major factor control-
ling  F− enrichment in groundwater. An insignificant but 
positive association between  F− and  HCO3

− is observed 
(Fig. 6). High  HCO3

− in groundwater favors the release 
of  F− as it acts as a major competitor and restricts des-
orption of  F−, resulting to increase of  F− in groundwater 
(Su et al. 2019).

The scattered plot between  Ca2+  +  Mg2+ and 
 SO4

2−  +  HCO3
− suggests that ion exchange is a major 

process; however, the exchange of cations., i.e.,  Na+ 
from clay minerals with  Ca2+ and  Mg2+, might increase 
 F− concentration in groundwater. The scatter plot between 
 (HCO3

−-SO4
2−,  Ca2+-Mg2+) against  (Cl−-Na+-K+) also 

confirms the dominance of ion exchange in the study area 
(Fig.  6). In Fig.  6, the significant negative correlation 
(R = 0.67) indicates that high  Na+ in groundwater is attrib-
uted to cation exchange and it plays important role in disso-
lution of  F−-bearing minerals. Seven out of 10 high  F− sam-
ples in this study lie in older alluvium, and most of these 
samples with high  F− are found under saturated with respect 
to fluorite, however oversaturated with calcite (Fig. 5e). 
High  Ca2+ restricts the dissolution of  F− due to common ion 
effects, resulting to negative correlation between these ions 
(Handa 1975). In this study, although not much significant 
but negative correlation between  Ca2+ and  F− is observed 
and groundwater is mostly found oversaturated with calcite 

and undersaturated with fluorite suggests dissolution of fluo-
rite mineral responsible for high  F− in groundwater (Fig. 5f).

Human health risk

Among the multiple pathways of exposure to the inorganic 
contaminants, exposure through drinking is a major concern 
due to excessive use and health implications. Groundwater is 
considered safe in terms of microbial contaminants and used 
widely to fulfill the drinking and domestic need; however, it is 
vulnerable to both geogenic and anthropogenic activities. The 
severity and health implications of exposed population depend 
on various factors including the type of contaminants, dose, 
nourishment, and other factors. However, these contaminants 
may pose both acute and chronic health implications. In this 
study the population is divided in two groups, i.e., children (up 
to 6 years) and adults (up to 70 years), and to understand the 
health risk due to ingestion of contaminated groundwater, CDI, 
HQ, and HI are calculated. Contaminants including  F−, As, Fe, 
and Mn are considered to calculate the health risk on the resid-
ing population. The detailed statistical summary of the CDI, 
HQ, and HI for both age groups is provided in supplementary 
Tables 3 and 4. HQ > 1 indicates that the water is unsafe for 
drinking in terms of that particular contaminant; however, the 
HI values are used to infer the cumulative impacts and health 
risk due to all contaminants on human health.  F− has major 
contribution on the HI as 10.7% of the samples has HQ  F−  > 1 
for adults; however, 18.4% of samples has high HQ > 1 for 
children. Fluoride is essential for bone formation but the high 
concentration of fluoride in drinking water may cause skeletal 
and dental fluorosis, stiffness, spine, and major joints, osteo-
sclerosis, intellectual impairment, and mental retardation in 
children, however loss of fertility and miscarriage in adults 
(Ayoob and Gupta 2006; Zhang et al. 2017). Despite being 
above the WHO guidelines, the individual health risk of Mn 
and Fe is less as all the samples have HQ < 1 for both the age 
groups. The cumulative impact of all these contaminants is 
assessed by calculating HI and indicates that 26.15% of sam-
ples has high HI > for adults; however, 50.76%, i.e., 33 out 
of 65 samples, has high HI > 1 for children. The population 
residing along the older alluvial floodplain on the eastern part 
of the study area is under high risk as distribution of HI for 
children and adults is high along older floodplain (Fig. 7). The 
higher values of HI are found for children, which suggest that 
the degree of health risk in children is much higher compared 
to adults. This cloud can be due to low body weight and the 
reference dosage of contaminants.

Conclusion

Groundwater in alluvial aquifers is extensively used for agri-
culture and domestic purpose; however, in recent past qual-
ity assurance before its use has become a major public health 
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concern. To understand the groundwater quality and pro-
cess controlling evolution of groundwater in the study area 
conventional graphical plots and geochemical modeling are 
used. Groundwater is found alkaline with high  HCO3

− ions 
that suggests interaction between  CO2 present in soil with 
water during infiltration. Based on the SI values dissolution 
of anhydrite, gypsum, and fluorite along with the precipita-
tion of calcite and dolomite minerals are found as the major 
hydro-geochemical process in the study region. Results sug-
gest that silicate weathering, ion exchange, and dissolution 

and precipitation of aquifer minerals are the controlling fac-
tors, responsible for ionic evolution of groundwater in the 
study area. Ca-HCO3 is the major water type followed by 
Na-HCO3 and Mg-HCO3 water type. Dissolution of fluorite 
minerals in alkaline condition seems the major factor con-
trolling  F− enrichment in groundwater. Exceeding concentra-
tion of  F− along with Fe and Mn above the WHO guidelines 
are found as the major public health concern. Groundwater 
in the older alluvial plain is found much contaminated and 
the health of the community residing in this area is under 

Fig. 6  Association of  F− with other water quality parameters. Samples with high  F− above WHO guidelines are represented as red circle
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threat. High HQ value of  F− indicates high  F− hazard for 
children and adults; however, HI suggests that long-term use 
of this for drinking might have significant health impacts. 
The evaluation of groundwater quality is required in the 
study region at household level to ascertain the groundwater 
quality and its suitability for human consumption. Testing 
of wells in the alluvial floodplain to identify the safe and 
unsafe well along with alternative source of drinking water 
is recommended to reduce exposure through contaminated 
groundwater.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12517- 021- 09269-4.
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